We have recently identified an RNA aptamer for the transcription factor NF-B p50 homodimer [(p50) 2 ], which exhibits little sequence resemblance to the consensus DNA target for (p50) 2, but binds (p50)2 with an affinity similar to that of the optimal DNA target. We describe here the 2.45-Å resolution x-ray crystal structure of the p50 RHR͞RNA aptamer complex. The structure reveals that two RNA molecules bind independent of each other to the p50 N-terminal Ig-like domains. The RNA secondary structure is comprised of a stem and a stem-loop separated by an internal loop folded into a kinked helix because of the cross-strand stacking of three internal loop guanines. These guanines, placed at the edge of the 3 helix, together with the major groove of the irregular 3 helix, form the binding surface for p50. Each p50 monomer uses the same surface to recognize the distorted RNA major groove as observed in the B DNA͞p50 RHR complex, resulting in strikingly similar interfaces. The structure reveals how the aptamer specifically selects p50 and discriminates against p65. We also discuss the physiological implications of RNA binding by (p50) 2.
T
he Rel͞NF-B family of inducible transcription factors mediates cellular responses to a large array of stimuli by regulating the expression of hundreds of genes with distinct functions. These cellular activities include immune and inflammatory responses, programmed cell death, growth, proliferation, and development (1, 2) . The mammalian Rel͞NF-B family is comprised of five members [p50, p52, p65 (RelA), and c-Rel and RelB] that can form combinatorial dimers. These proteins share an Ϸ300-residue-long homologous region referred to as the Rel homology region (RHR). This N-terminal RHR contains all of the critical elements for dimerization, DNA binding, and nuclear import (Fig. 1a) . Three-dimensional x-ray crystal structures revealed that the NF-B RHR is organized into two folded Ig-like domains (3, 4) . The N-terminal domain (NTD) is responsible for sequence-specific DNA binding, whereas the Cterminal domain (CTD) is primarily responsible for subunit association. Residues emanating from loops in the dimerization domain (DD) also make nonspecific DNA contacts.
NF-B dimers bind transcriptional regulatory DNA elements that are collectively referred to as B-DNA sites (Fig. 1b) . DNA-bound x-ray structures of several of the NF-B dimers have been solved (3) (4) (5) (6) (7) (8) . From these structural studies it is possible to discern the rules that govern target site selection by the NF-B dimers. (p50) 2 prefers an 11-bp target of sequence 5Ј-GGGRN A͞T NYCCC (Fig. 1b Upper) . p50 monomers bind to the 5Ј half site comprised of the five base pairs 5Ј-GGGRN. p65, on the other hand, does not require the first G:C base pair. The p65 half site therefore consists of four base pairs, 5Ј-TTCC, resulting in a 10-bp target site for p50͞p65 (Fig. 1b Lower) . In NF-B, DNA-contacting residues are contributed by protein loops connecting the secondary structures. The most important of these loops is referred to as loop L1, which contributes five base-contacting amino acids in p50 and four base-contacting residues in p65 (6, 9) .
Using SELEX, we have recently identified an RNA aptamer specific for the NF-B p50 homodimer from a pool of Ϸ10 14 randomized RNA sequences (ref. 10 and Fig. 1c) . The aptamer binds both (p50) 2 and p50͞p65 with high affinities that are indistinguishable from the affinities of the same dimers toward their optimal B-DNA sequences. We also showed that the RNA aptamer can efficiently block DNA binding in vitro (10) , suggesting that both RNA and DNA bind NF-B in a similar manner. In addition, the 31-nt aptamer selectively binds (p50) 2 in a yeast three-hybrid system (11) . The 31-nt aptamer sequence clearly differs from the B-DNA sequences ( Fig. 1 b and c) . Furthermore, the RNA sequence does not bear any symmetryrelated half sites, unlike the B-DNA sequences. Therefore, it is unclear how the RNA specifically binds the two symmetrical, or nearly symmetrical, subunits of an NF-B dimer. To address the above questions we have crystallized a complex containing the p50 homodimer and an optimized 29-nt RNA aptamer. This aptamer (Fig. 1d) is an improved variant of the original 31-nt aptamer (Fig. 1c) , selected in yeast for improved interactions with (p50) 2 in a yeast three-hybrid selection system (12) . This optimized RNA aptamer has been shown to block (p50) 2 binding to DNA in vivo in a yeast one-hybrid system (12) . We describe here the 2.45-Å resolution crystal structure of the NF-B p50 RHR homodimer bound to this high-affinity RNA aptamer.
Methods
Protein and RNA Purifications. The truncated murine NF-B p50 cDNA (residues 39-364) was purified by using the procedure described(3).The␣-p50RNAaptamer(5Ј-CAUACU 2 GA 3 CUG-UA 2 G 2 U 2 G 2 CGUAUG) was synthesized by Dharmacon Research (Lafayette, CO), deprotected according to the protocol suggested by the supplier, and purified by denaturing PAGE and elution. RNA concentration was determined by UV absorbance at 260 nm, by using the concentration conversion factor recommended by the supplier.
Crystallization and Structure Solution. The complex between p50 homodimer and the RNA aptamer was formed by mixing protein and RNA in a 1:1.1 molar ratio for crystallization. The structure was solved by combining molecular replacement and single isomorphous replacement (SIR) methods. A detailed description of crystallization, structure solution, and crystallographic analyses is in Supporting Text and 
Results and Discussion
Overall Structure. The overall structure of the complex and its comparison with DNA-bound (p50) 2 is shown in Fig. 2 . In the RNA͞p50 RHR complex, one RNA molecule binds to each of the p50 monomers of the homodimer. This binding occurs almost exclusively through the NTD and the short linker connecting the NTD to the DD of the p50 RHR (Fig. 2a) . The RNA uses its internal loop and the 3Ј stem-loop structure to bind the protein. These RNA secondary structures are folded into an irregular helix with a long and wide major groove that perfectly complements the protein surface both in size and shape. The complex displays extensive base-specific contacts but few nonspecific contacts with the phosphodiester backbone. Base-specific contacts are mediated by the protein side chains emanating mostly from loop L1 of p50. The RNA aptamer has no internal motifs that are twofold symmetry-related, making it impossible for each monomer of the symmetrical protein homodimer to bind simultaneously to a single RNA molecule. The p50 NTDs are splayed away from each other and from the twofold symmetry axis, resulting in a relatively open conformation for the complex (Fig.  2 a and c) . This finding is in contrast to the DNA͞p50 RHR complex in which one DNA molecule binds per p50 homodimer. Because the two p50 NTDs in the homodimer bind to two roughly symmetrical, closely spaced half sites in the same DNA molecule, the NTDs closely approach the symmetry axis, providing a relatively closed conformation for the complex (Fig. 2  b and c) . Although the RNA molecule does not bear a strong resemblance to the consensus B-DNA sequence, the chemistry of the core interface is remarkably conserved (Fig. 2d) .
Stability of the Complex. The isolated B-DNA sequence binds the p50 RHR͞p65 RHR heterodimer with Ϸ1-5 nM affinity (13, 14) . We observed that in the DNA͞NF-B complex, both protein subunits must contact the same DNA molecule to form a complex of appreciable stability. In the RNA͞p50 RHR complex, each RNA molecule bound to a p50 monomer in the complex does not directly contact the other RNA or the opposing protein subunit. This result suggests that the two RNA molecules bind independent of each other. To test this hypothesis, we have determined the binding affinities of the RNA aptamer for the p50 RHR homodimer, the p50 RHR͞p65 RHR heterodimer, the p50 RHR͞p65 DD, and the p50 DD͞p65 RHR. The binding affinities are listed in Table 1 . We observed that RNA binds to the p50 RHR homodimer with an Ϸ4-to 5-fold higher affinity than to the p50 RHR͞p65 RHR. The p65 RHR homodimer binds RNA extremely weakly, indicating that the RNA aptamer is p50 RHR specific, and discriminates against p65. These results suggest that in the RNA͞p50 RHR͞p65 RHR complex, only the p50 subunit binds to RNA. This idea is further supported by the fact that the removal of the p65 NTD from the heterodimer does not reduce its affinity for RNA. As expected, RNA does not bind either p50 DD͞p65 RHR or p50 DD͞p65 DD. Therefore, most of the binding affinity results from direct RNA-protein contacts between the RNA aptamer and the N-terminal domain of a p50 monomer. ) in the other (Fig. 1d) . In its folded structure, this internal loop forms an irregular double-stranded motif highlighted by the cross-strand stacking of three guanines, G 8 , G 23 , and G
22
( Fig. 3 a and b) . The projection of bases from both stands into one side of the duplex forces the two strands to closely approach, reducing the strandto-strand distance by Ͼ8 Å, compared with a regular A-helix minor groove width (Fig. 3c) . The two short duplexes flanking the internal loop assume A-helical geometry, although the 3Ј helix is more irregular than a typical A-helix. The flanking helices are oriented in an Ϸ40°angle, resulting in an overall bent shape for the RNA. U 6 and C 24 of the internal loop form a noncanonical base pair. Both U 7 and A 9 remain mainly within the helical axis, and are involved in stacking interactions with the neighboring bases U 6 and A 10 , respectively (Fig. 3b) . Deviation is flipped out of the loop and is not engaged in any interactions.
The RNA͞Protein Complex Interface. Hydrogen-bonded interactions at the protein-RNA interface are shown schematically in Fig. 4 . Superposition of p50 NTDs from the RNA-and DNAbound complexes reveals an rms deviation of only 1.2 Å. The similarities extend even to the base-contacting side chains (Fig.  2d) . Therefore, the p50 NTD in its free state presents a rigid surface that can bind nucleic acids without undergoing a major conformational change. The in vitro selection for RNA aptamers against (p50) 2 identified the optimal RNA that folds into a distorted A-helix, which neatly complements the surface of the p50 NTD in shape, dimensions, and chemistry (Fig. 2d) . This feature of a folded RNA major groove accommodating the protein molecule is observed in many RNA͞protein complexes (17) . To accommodate the entire protein-binding surface, the major groove of the RNA helix extends into the duplex formed by the internal loop residues. The cross-strand stacked guanines G . Remarkably, these 11 bases were absolutely conserved in all RNAs that survived multiple rounds of the initial in vitro selection (ref. 10 and Fig. 1c) . Base-specific contacts. The most striking feature of the complex is that the chemistry of the core RNA͞p50 RHR complex interface is essentially identical to that of the B-DNA͞p50 RHR interface (Fig. 5a) . The five DNA bases that contact amino acids R54, R56, E60, H64, and K241 are projected identically in this complex and interact with the RNA in a similar fashion (Fig. 5b) . The distorted, irregular, and long RNA major groove presents the sequence 5Ј-G . This protrusion brings G 22 close to the protein surface, such that it is possible for R54 to directly contact all three bases simultaneously (Fig. 5a) . K241, the only residue contributed by the domain linker segment, directly contacts the carbonyl oxygen of G 22 These interactions at the core of the complex are capped by direct van der Waals contacts between P243 of the linker and the flipped-out G 8 at one end (Fig. 5c) , and the backbone carbonyls of residues at positions 62, 63, and G 14 at the other end (Fig. 5a) . The hydroxyl of Y57 contacts the NH 2 of G 23 in this complex. In all DNA͞p50 RHR complexes, Y57 makes van der Waals contacts with the methyl groups of two thymines located near the center of B-DNA sites (Fig. 5b) . Backbone contacts. Contacts between the RNA phosphodiester backbone and four lysine side chains define the boundary of the RNA-protein interface (Fig. 5d ). K144 and K145 both contact the phosphate of G 25 , the last RNA residue at the 5Ј side. These contacts are reminiscent of minor groove contacts by the same residues in DNA complexes. The extreme 3Ј end of the RNA is contacted by K74 and K77 from the back of loop L1. K249 makes a salt bridge with the phosphate at position 21. This residue is the only one from the dimerization domain that mediates any contact with the RNA. NF-B subunit-specific interactions. The clearest difference in basespecific contacts between this complex and all DNA͞NF-B complexes is the set of RNA contacts with the main chain of the p50 RHR-encompassing residues from E60 to H64. Superposition of the NTDs from RNA-and DNA-bound complexes reveals that the backbone moves closer by 2-4.5 Å to the major groove-reaching residues A 11 , C 12 , U 13 , and G 14 ( Fig. 2d) . These residues pair with residues in the other strand that make extensive protein contacts. The carbonyl of E60 contacts the NH 2 of C 12 , and the carbonyls of P62 and S63 contact the NH 2 of G 14 ( Figs. 4 and 5a) . These residues simply cannot contact the DNA bases because of the relatively rigid helical conformation and groove geometry of DNA duplexes. Sequence differences between p50 and p65 in this segment (E60-H64) are the likely reason why p65 binds so poorly to this aptamer. Glycine, proline, and histidine at positions 61, 62, and 64 are replaced by valine, arginine, and alanine, respectively, in p65. In the absence of the glycine-proline sequence, it is not possible for p65 to assume such a structure. We believe that these interactions between RNA and backbone carbonyls are critical for the stability of the complex. P62 makes van der Waals contacts with G 14 (Fig. 5d) . In addition, H64 of p50 is substituted by alanine in p65. Thus, the direct interactions between H64 and G 14 cannot take place in p65.
Implications for Biological Regulation and Inhibitor Design. Although no naturally occurring RNA that binds p50 or any other NF-B dimer has yet been identified, there is emerging evidence that many other transcription factors play dual roles in regulating gene expression by binding both specific DNA and RNA sequences (11) . The classic example is Xenopus laevis TFIIIA. The transcription of 5S rRNA by RNA polymerase III requires the essential factor TFIIIA. However, the same factor binds the resulting 5S transcript, a component of ribosomes (18) (19) (20) (21) . Several other transcription factors such as TRA-1, bicoid, and p53 have been shown or implicated to bind to specific RNA sequences (22) . More intriguing still is the finding that the transcription factor STAT-1 appears to be capable of binding a natural untranslated RNA (19, 20) . Complex formation between STAT-1 and this RNA has been proposed to repress the expression of the major histocompatibility complex (MHC) gene in human trophoblasts. Interestingly, three-dimensional structures of STAT-1 and NF-B, as well as their DNA recognition, appear to be evolutionarily related. The putative STAT-1-binding RNA contains multiple motifs similar to specific STAT-1-binding DNA sequences, suggesting that the protein employs a similar mechanism in binding both DNA and RNA. This binding might be analogous to our current observation of similar p50 interactions with physiological B sites and an in vitroselected RNA aptamer. We believe that it is not unlikely that many untranslated RNAs or other RNAs within the cell might interact with NF-B, thus adding another level of complexity to gene regulation.
Our RNA͞(p50) 2 cocrystal structure reveals the existence of a previously unknown ''open'' NF-B conformation incompatible with DNA binding. The spatial relationship between NTDs and DDs in this NF-B form creates clefts and binding surfaces that might be bound and stabilized by small molecules. Such binding events could stabilize this open conformation, inhibiting the ability of NF-B to bind DNA and activate gene expression. This NF-B conformation can therefore serve as a target for virtual docking by using a database of small molecules. Lead compounds predicted to have high differential affinity for the open NF-B conformation might then be rapidly tested in vitro and in vivo for inhibition of DNA binding by the p50 homodimer and p50͞p65 forms of NF-B.
In conclusion, we present the structure of an in vitro-selected RNA aptamer bound to the NF-B p50 homodimer. This represents an example in which both RNA-and DNA-bound structures of a transcription factor are known. Together these two structures reveal a strikingly conserved protein-nucleic acid interface, although the primary nucleotide sequences of B-DNA and the RNA aptamer are clearly different. The ability of an RNA molecule with a different sequence than B-DNA to fold and bind p50 with striking resemblance suggests that specific cellular RNAs may serve as target for NF-B to add another level of physiological regulation. At the same time, information derived from these structures also provides clues for the identification of small-molecule, subunit-specific NF-B inhibitors.
